The ultrastructure of parathyroid chief cells was examined from four groups of nude mice (NIH : Swiss) with different serum calcium concentrations. The groups consisted of eight male mice with hypercalcemia induced by transplantable canine adenocarcinoma (CAC-8), eight female mice with hypercalcemia induced by infusion of parathyroid hormone-related protein, ten male control mice, and six male mice fed a low calcium (0.0 1 Yo) diet. Hypercalcemia induced by malignancy or parathyroid hormone-related protein infusion was associated with low serum phosphorus concentration, a decrease in the number of secretory and prosecretory granules in the parathyroid chief cells, and an increase in the cytoplasmic area of chief cells. Prominent myelinlike membranous whorls were present in the cytoplasm of chief cells of tumor-bearing and parathyroid hormone-related protein-infused hypercalcemic mice. Mice fed a low calcium diet had decreases in the number of secretory granules and cell area but increases in the number of prosecretory granules compared with control mice. The number of mitochondria and the nuclear area of chief cells were similar in all four groups. The prominent membranous whorls and increased cytoplasmic area of chief cells from these hypercalcemic mice mark these cells as distinctly different from the parathyroid chief cells of other species with hypercalcemia.
Humoral hypercalcemia of malignancy is a well described clinical syndrome caused by the release of hypercalcemic factors from neoplastic cells that exert their effects at sites distant from the tumor. 24 Hypercalcemia, hypercalciuria, hypophosphatemia, hyperphosphaturia, and increased osteoclastic bone resorption are consistent clinical features of this ~y n d r o m e .~~~~~ Factors produced by the tumors include parathyroid hormone-related protein,12J8,25 transforming growth factor,I9 interleukin-1, tumor necrosis factor,20 and prostaglandin^.^^^^^ The most common hypercalcemic hormone produced by tumors associated with humoral hypercalcemia of malignancy is probably parathyroid hormone-related protein.
The effects of hypercalcemia on chief cells have been described in the parathyroid glands of mice, rats, cows, and human beings. 1,4,28,32,34*36, 37 Changes in frequency and form of cytoplasmic organelles, including secretory granules and endoplasmic reticulum, and changes in the plasma membrane have been described. In general, the number of secretory granules decreased during hypercalcemia, especially in long-term ~i t u a t i o n s .~,~~.~~ In contrast, rats treated with vitamin D had an increased area of secretory granules.37 A reduction in the rough endoplasmic reticulum in mice treated with calcium alone or in combinations with parathyroid hormone or vitamin D, has been Straight plasma membranes of adjacent chief cells have been described in hypercalcemic human beings, rats, and mice. 28, 34, 37 One frequently reported ultrastructural change in parathyroid chief cells of mice, with and without hypercalcemia, is the development of unique cytoplasmic membranous whorls under varied conditions such as starvation or after the administration of glucocorticoids, reserpine, and vitamin D.13-15J7,28,32 These myelinlike structures do not resemble the lamellar bodies found in human parathyroid chief cells associated with chronic renal failure or parathyroid a d e n o m a~.~~~J~ In contrast, a parathyroid autograft from a human patient with chronic renal failure had myelinlike structures in about 5% of the chief cells,g which were similar to those structures described in mice. Membranous whorls also have been reported in a parathyroid adenoma from a patient with acute hyperparathyroidism. 2 Myelinlike structures have been described in adrenal cortical cellsI6 and other cells after the administration of various drugs and are sometimes called "spironolactone bodies." These structures did not appear to interfere with the viability of the affected cell. In other reports, membranous whorls were considered an inelin figures have been produced in vitro by hydration dication of cell injury and d e g e n e r a t i~n ,~J~-~~J~J~,~~ M Y-343 Vet Pathol 29(4), 1992 of lecithin and other phospholipids.Lo Cytoplasmic membrane whorling may be due to the response of the phospholipid component of membranes to different degrees of hydration of the cytoplasmic matrix.
The purpose of this investigation was to evaluate and compare qualitative and quantitative changes in parathyroid gland chief cells from mice with hypercalcemia induced by either hypercalcemia of malignancy (transplantable canine adenocarcinoma [CAC-81) or by parathyroid hormone-related protein infusion to chief cells from mice fed a low calcium (0.0 1 O/o) diet and from control mice.
Materials and Methods

Mice
The ultrastructure of parathyroid chief cells was examined from four groups of nude mice (NIH : Swiss) with different serum calcium concentrations. All mice were maintained under bamer conditions and monitored daily. The temperature (25 C) and relative humidity (50-70%) were controlled. Rodent chow and water were available ad libitum and a 12hour light/ 12-hour dark cycle was maintained.
A tumor line, designated CAC-8, derived from an adenocarcinoma of the apocrine glands of the anal sac of a hypercalcemic dog, was transplanted into eight male mice. The mice were euthanatized when the transplanted adenocarcinoma (CAC-8) induced hypercalcemia greater than 15.0 mg/ dl (6 to 8 weeks after transplantation). CAC-8 induces humeral hypercalcemia of malignancy in mice and has been shown to produce parathyroid hormone-related protein (PTHrP) and transforming growth factors a and p.L9,24,25.28
The mean serum parathyroid hormone concentration in CAC-8 -bearing hypercalcemic mice has been reported as significantly lower (1,320 k 290 pg/ml) than in control mice (1,890 -I-674 pg/ml), as determined by a 53-84 C-terminal radioi m m u n o a s~a y .~~~~ To evaluate the effects of PTHrP on chief cells, eight female mice were infused with synthetic PTHrP (1 -40) (Bachem, Inc., Torrance, CA) for 7 days.27 Alzet osmotic pumps were subcutaneously implanted over the back of the mice. The pumps delivered 5.0 pg PTHrP (1 -40), dissolved in 0.15 M NaCl and 2% L-cysteine, per day.
To evaluate the effect of low calcium intake on chief cells, six male mice were fed a low-calcium (Ca) diet (O.0lo/o Ca, 0.55% phosphorus; Teklad, Madison, WI; TD 84373) for 14 days.23 These mice had access to distilled water only to exclude water as a possible calcium source. Ten male control mice were fed an identical diet containing 0.85% Ca (TD 84374).
Serum analysis
Terminal serum calcium concentrations were measured using the cresolphthalein complexone method (Sigma Diagnostics, St. Louis, MO). Serum phosphorus was measured by the colorimetric method described by Chen et al.5
Parathyroid glands
Thyroid and parathyroid glands were fixed in cold (4 C) 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4), post-fixed in 1.33% osmium tetroxide in s-collidine buffer (pH 7.4), dehydrated through ascending concentrations of ethanol, and embedded in Medcast epoxy resin (Ted Pella, Inc., Tustin, CA). Thin sections were stained with uranyl acetate and lead citrate and examined with a Philips 300 electron microscope.
Electron micrographs were taken randomly of chief cells at magnifications ranging from 3,200 to 6,400 x . Twenty to 30 chief cells from each mouse were quantitatively and qualitatively evaluated for the following criteria: frequency of mitochondria1 cross sections, the number of secretory and prosecretory granules, tortuosity of plasma membranes, nuclear shape, cell area, nuclear area, and, if present, the area of cytoplasm occupied by whorls. The areas were measured using Sigma Scan@, Version 3.90 (Jandel Scientific, Corte Madera, CA) on an MS/DOS-based computer. Only chief cells with a section through the nucleus and nucleolus were measured. Five hundred chief cells per mouse were examined for the presence and frequency of cytoplasmic membranous whorls.
Statistical analysis
The numbers of whorls were analyzed for significant differences with a Wilcoxon test between tumor (CAC-g)-bearing mice and the PTHrP-infused mice only, because the other two groups (controls and mice fed a low-calcium diet) had no or only one whorl. Serum calcium and phosphorus concentrations were analyzed using one-way analysis of variance, P values were corrected with a Bonferroni test, and significance was reported at the 0.05 level. The number of cellular organelles was analyzed with the General Linear Model Procedure (analysis of variance) followed by a Tukey's mean separation test. All tests were performed using SAS version 6.06 on an IBM 3081.
Results
Serum calcium and phosphorus
Serum calcium concentrations were significantly different for CAC-8 tumor-bearing mice and parathyroid hormone-related protein (PTHrP)-infused mice as compared with controls (Table 1) . CAC-8-bearing mice were markedly hypercalcemic (1 5.5-25.7 mg/dl). Mice infused with PTHrP (1 -40) for 7 days developed less severe hypercalcemia (1 2.1-1 6.6 mg/dl). Mice fed a low-calcium diet had slightly lower calcium concentrations (7.3-9.5 mg/dl) when compared with the control group (7.9-10.1 mg/dl), but the difference between these two groups was not statistically significant.
Serum phosphorus concentrations were significantly different between CAC-8-bearing mice and the control mice ( Table 1) . Control mice and the mice fed a lowcalcium diet had the highest serum phosphorus concentrations (3.2-12.7 mg/dl and 7.2-12.2 mg/dl, respectively). The PTHrP (1 -40)-infused mice had lower concentrations of serum phosphorus (2.5-5.6 mg/dl), whereas the CAC-8-bearing mice developed hypophosphatemia (1.3-5.0 mg/dl). 
Morphometric and ultrastructural evaluation of chief cells
CAC-8-bearing and PTHrP-infused mice had a significantly larger mean area of chief cells when compared with the control mice and mice fed a low-calcium diet ( Table 2 ). The majority of chief cells in CAC-8bearing mice had decreased tortuosity of plasma membranes and had only a few membranous interdigitations between adjacent cells (Fig. 1) . The plasma membranes of the PTHrP-infused mice were similar to the CAC-8-bearing group, whereas the control mice had many chief cells with tortuous cell membranes (Fig. 2) . Mice fed a low-calcium diet had more prominent interdigitations of plasma membranes of adjacent chief cells than controls (Fig. 3) .
There was no significant difference in mean nuclear area between the CAC-%bearing, PTHrP-infused, and control mice ( Table 2 ). The nuclear area of chief cells from mice fed a low-calcium diet was not different from that of control mice but was significantly smaller compared to that of CAC-8-bearing mice. The nuclei in the CAC-8-bearing and PTHrP-infused mice were irregular and indentated ( Fig. 4) , whereas nuclei in the control group were predominantly round or elongated with infrequent indentations (Fig. 2 ). Chief cells from mice fed a low-calcium diet had a nuclear shape similar to that of controls. There was no significant difference in the mean number of mitochondria1 cross sections per cytoplasmic area in chief cells between groups (Table 2).
Mature secretory granules had diameters ranging from 150 to 200 nm, a narrow submembranous space, and an electron-dense core (Fig. 2) . They usually were concentrated in one area of the cytoplasm, depending on the section through the cell, and their numbers varied considerably between chief cells. Chief cells from control mice had the greatest number ofsecretory granules. PTHrP-infused mice had significantly fewer secretory granules, as did CAC-8-bearing mice and mice fed a low-calcium diet. The latter two groups had approximately half as many secretory granules as did the PTHrP-infused mice ( Table 2) .
Prosecretory granules were larger (200-250 nm), had a wider submembraneous space, and had a more electron-lucent core than mature secretory granules ( Fig.  3) . Prosecretory granules often were located in the vicinity of a Golgi apparatus, and their numbers varied among chief cells. These granules were most numerous in chief cells of mice fed a low-calcium diet ( Fig. 3) and slightly less numerous in the control group ( Table  2 ). The PTHrP-infused mice and the CAC-8-bearing mice had significantly fewer prosecretory granules than did control mice ( Table 2) .
CytopIasmic membranous whorIs
Severely hypercalcemic CAC-8-bearing mice had the highest incidence of cytoplasmic membranous whorls (x = 24 whorls/500 chief cells, range = 1-45) ( Table   3 ). PTHrP-infused mice had a mean of eight whorls (range = 0-16 whorls) per 500 chief cells ( Table 3 ). Only one whorl was found in chief cells from mice fed a low-calcium diet, and whorls were not observed in the chief cells from control mice. The number ofwhorls was significantly lower (I' < 0.05) in PTHrP-infused mice than in CAC-8-bearing mice ( Table 3 ). The cytoplasmic area occupied by membranous whorls ranged from 9 to 39 pm2 in CAC-8-bearing mice and from 7 to 14 pm2 in PTHrP-infused mice.
The formation of membranous whorls appeared to be similar in all affected mice. Whorls consisted of membranes, presumably derived from rough endoplasmic reticulum, plus entrapped cytoplasmic organelles, and they often contained lipid droplets near the center of the whorl (Figs. 1,4) . The formation of membranous whorls appeared to begin with a circular aggregation of membranes from rough endoplasmic reticulum ( Fig. 5) . Membranes that made up larger whorls did not contain attached ribosomes (Fig. 6) . The initial stages of membranous whorl formation were observed most often in the PTHrP-infused mice and were observed infrequently in CAC-8-bearing mice.
Discussion
Ultrastructural features, such as a decrease in numbers of prosecretory and secretory granules, and the presence of membranous whorls in chief cells from Table 3 . Frequency and area of membranous whorls in parathyroid chief cells of four groups of nude mice. mice with hypercalcemia suggested a suppression of the synthesis and secretion of parathyroid hormone. These observations are consistent with the report of lower levels of immunoreactive parathyroid hormone in hypercalcemic mice with parathyroid hormone-related protein (PTHrP)-secreting CAC-8 tumor. 26 Membranous whorls did not appear to be the result of enhanced endocytosis of plasma membranes, as has been reported in rats after vitamin D, admini~tration,~~ but appeared to originate from coiling and condensation of rough endoplasmic reticulum with a gradual loss of ribosomes. Detachment of ribosomes from rough endoplasmic reticulum membranes and later formation of intracellular myelinlike whorls is a common ultrastructural change in injured cell^.^^^^^ Fragmentation of intracellular membranes with accumulation of phospholipids and reassembling with cholesterol is important in the formation of myelinlike membranous whorl^.^ Membranous whorls also have been caused by drug-induced accumulation of phospholipids (phospholipidosis).6 Formation of whorls in chief cells may be an indicator of suppressed secretory activity and may result from the accumulation of membranous material derived from endoplasmic reticulum. Whorling of cytoplasmic membranes in parathyroid cells of mice appears to be associated with suppression of secretory activity independent of cause rather than only with elevated serum calcium concentrations.13J5 Myelinlike structures have been reported in hypocalcemic mice,14 and one whorl was observed in a mouse fed a low-calcium diet in this investigation. Either preexisting endoplasmic reticulum accumulated in the form of membranous whorls or, more likely, membrane flow from the secretory apparatus to the cell membrane was blocked in suppressed chief cells. The amount of membranous material that accumulated in these whorls appeared to be in excess of that amount of membranes found in chief cells from normocalcemic mice.
Chief cells of hypercalcemic mice had evidence of suppression of secretory activity, including a decrease in the number of secretory and prosecretory granules. Suppression of chief cells in hypercalcemic mice also was suggested by the straight plasma membranes with uncomplicated interdigitations of adjacent cells. Chief cells in hypercalcemic rats and cows are a t r o p h i~,~~,~~ and dogs with hypercalcemia of malignancy had reduced chief cell cytoplasmic area. 23 In contrast, ultrastructural and morphometric evaluations revealed that chief cell area in CAC-8-bearing hypercalcemic mice was increased significantly compared with that of control mice. There was no corresponding increase in nuclear area, indicating that the enlargement primarily was due to an increase in cytoplasmic volume. No satisfactory explanation for this finding is available at the present time. The increased cytoplasmic area in hypercalcemic mice was not due to the presence of membranous whorls because only a low percentage of chief cells contained membranous whorls. These findings suggest that chief cells of mice appear to react differently to longstanding hypercalcemia than do chief cells of other species.
Mice infused with PTHrP had changes in chief cells that were similar to those of CAC-8-bearing mice with hypercalcemia of malignancy but were less severe, suggesting that a longer duration and greater magnitude of hypercalcemia results in more profound ultrastructural changes in parathyroid chief cells. Another possible explanation for the less severe changes in PTHrPinfused mice is that the transplanted tumor in the CAC-8-bearing mice may produce more than one hypercalcemic factor. The CAC-8 tumor secretes transforming growth factors a and ,t? in addition to PTHrP. l 9 Chief cells of mice fed a low-calcium diet had ultrastructural changes consistent with those caused by stimulation. The number of prosecretory granules was increased, suggesting synthesis of parathyroid hormone in response to demand created by feeding a lowcalcium diet. The infrequent presence of mature secretory granules suggested that the immediate need for parathyroid hormone did not permit storage of hormone in the form of mature secretory granules because of rapid hormone release after synthesis and processing. Previous studies have reported that kittens fed a low-calcium diet for 1 week had increased chief cell area. 29 In contrast, the mice in this study that were fed a low-calcium diet for 2 weeks had a numerically reduced chief cell area as compared with control mice, but this difference was not statistically significant. Two weeks of a low-calcium diet appears to be too short an interval to induce either hypocalcemia or hypertrophy of chief cells in mice.
Chief cells in the parathyroid gland of mice with hypercalcemia induced by either cancer-associated hypercalcemia or PTHrP infusion were enlarged and often contained large whorls of agranular membranes in the cytoplasm. Chief cells in mice appear to respond differently to suppression by persistent hypercalcemia than do those cells in other species.
